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The Crystal Structure and Magnetic Properties of R6Ga (C0,Ni)2 and RGSnNi2 Compounds (R is a Rare-Earth Metal); .lkr. Fiz. Zhur. vol. 29, (1984) pp. 1342-1345; Sichevich, et a1 . ' The Crystal Structure of RgGaCo2 Compounds (R=Y, Tb, Dy, Ho, Er, Tm, Lu); Dopovidi Akad. Nauk, Ukr. RSR Series A, [2] (1983) , pp. 67-70; Gladyshevski, et a1. Heat Capacity in Superconducting and Normal-State LaSx (1.333éXé 1.500) Compunds, Physical Review B, vol. 25, No. 7, Apr. 1, 1982, pp. 4604-4617; Ikeda, et a1. Superconductivity News, Monthy Technical Edition; Super~ conductivity Pub., Inc. 1994 , Jan. 26, 1994 Jul. 23, 1996 Sheet 3 of 8 5,537,826 .0 0 51015 2'0 25 In one application, two stage GM cryocoolers or refrig~ erators are used to cool the liquid helium (He) in magnetic resonance imaging (MRI) equipment in use as a medical diagnostic tool. For example, a GM cryocooler or refrigera tor is used to cool the liquid He in MRI units so that the vapor pressure is lowered to reduce He losses and the need to frequently replace the liquid He in the unit. For example, without a GM cryocooler or refrigerator, the liquid He in an MRI unit typically needs to be replaced once every month. However, with a GM cryocooler to reduce He losses, the liquid He in the MRI unit needs to be replaced only once every six months, thereby allowing greater use of the MRI unit for medical diagnostic testing and lowering the overall cost of providing such medical diagnostic testing.
The potential use of lanthanide materials, which exhibit low magnetic ordering temperatures (e.g. less than 10K), as These articles proposed the replacement of the prototype lead lower stage regenerator material with Er3Ni material. Use of lead (Pb) as the prototype lower stage regenerator material permitted cooling to 10K, which was the lower temperature limit for a cryocooler using a lead lower stage regenerator material. compositions ErSNiZSn, Er?NizPb, and Er9Ni3Sn) and an inventive quaternary alloy having the composition of Er6Ni2(Sn1_xGax) where 0<><<1 (x greater than zero and less than 1; e.g. a nominal ErgNi2 (SnO_75GaO_25) alloy composition) were each arc-melted in a puri?ed argon atmosphere from stoichiometric mixtures of constituent elements. The praseodymium, neodymium and erbium metals were greater than 99.8 atomic % pure with main impurities being the interstitial non-metallic elements (H, C, N, O and F). The other components were of following certi?ed commercial purity: Ni-4N, Sn-4N, Pb-SN and Gar-4N. The arc melted buttons were turned over 4 to 7 times and re-melted to ensure each alloy's homogeneity. The total weight losses during-arc-melting were less than 0.5% for all samples, such that resulting stoichiometry was assumed to remain unchanged.
X-ray powder diffraction patterns of the as-cast ternary alloy samples of the invention (Er6Ni2Sn, ErgNizPb, Er6Ni2(Sn0_75Ga0_25)) revealed that all of them contained signi?cant amounts of a second phase (and possibly third phase) in addition to the main phase having a Ho6Co2Ga type crystal structure. As a result, all the samples were annealed at 700° C., for 2 weeks in helium ?lled quartz tubes. X~ray diffraction patterns taken after the heat treat ment showed that the amount of the phase with HogCozGa type structure increased signi?cantly in each alloy sample. However, within the precision limits of x-ray diifraction, longer (up to 6 weeks) and higher temperature (800° C.)
annealing did not change the amount of the phases present or crystal structure of the ternary alloys of the invention. In all four alloys of the invention, two phases exist after heat treating and these consist of the main 6:2:1 ternary Er:Ni:X compound (where X is, for example, Pb, Sn, or Sno_75Gao_25) and the satellite binary phase, Er3Ni (Fe3C-type structure).
The results described above indicate that the actual compo sition of the ErGNiZSn and ErgNizPb alloys may be some what higher in tin and lead, respectively, (e. g. possibly up to 10% higher in Sn or Pb, respectively) or that these phases are formed during a solid state reaction, or both. As a result, the alloy compositions are set forth herein and in the claims as approximate atomic compositions to encompass possible variation of the Sn or Pb thereof to such extent.
The heat capacities of the prepared alloys were measured by using an adiabatic heat-pulse-type calorimeter in the temperature range 1.5-40K as described in Phys. Rev. B., vol. 25, (1982) , pp. 4640-4617, the teachings of which are incorporated herein by reference.
In order to obtain a baseline for heat capacity values, the heat capacity of three R3Ni compounds, where R=Pr, Nd and Er, was measured. The results for Er3Ni and NdaNi are shown in FIGS. 1 and 2, respectively relative to Pb. In order to estimate the magnetic entropy associated with magnetic ordering and the Schottky anomaly, the heat capacity of the corresponding La and Lu compounds (e. g. in this case La3Ni and LuBNi) also was measured because these two members of the lanthanide series (the ?rst and last, respectively) do not have any unpaired 4f electrons. The assumption was made, that the lattice and electronic contributions (the latter is generally quite small) vary in a uniform and smooth manner from La to Lu. Thus, by taking the prorata values of the heat capacities of the La and Lu compounds and sub tracting it from the corresponding R compound, the differ ence gives the magnetic heat capacity. This is illustrated for In the as-cast condition for all samples, a small transition is observed at 2.5il.0K, a slightly larger one at ~8K and a major peak at l7~1 8K. The only exception is that the upper most peak in the 50:50 Er6Ni2Sn/Er3Ni material occurs at ~15K instead of l7-l8K. These results con?rm the x-ray measurements that the as-cast alloys are multiphase alloys comprising Er6Ni2X phase and Er3Ni phase plus a small amount of an unidenti?ed third phase. The middle transfor mation (~8K) is due to ErgNi phase. This is veri?ed by the fact that the heat capacity peak is larger for the 50:50 Er6Ni2SnlEr3Ni alloy than for the other three alloys of the invention. Also, the fact that the heat capacity peak of pure Er3Ni at ~7K is shifted upward by about 1K, suggests that some Sn or Pb is substituted for the Er in EraNi. It is also noted that between 8 and 19K (except for the 50:50
Er6Ni2Sn/Er3Ni alloy) the ternary and quaternary alloys of the invention have higher heat capacities than ErgNi (FIG.  8) . In comparison to Pb they have signi?cantly higher heat capacities below 18K (FIG. 8) . Above 19K, the heat capaci ties of the multicomponent alloys of the invention are somewhat lower than both Er3Ni and Pb.
After heat treating, the small peak at ~2.5i1K was still present in all of the samples of the invention, where the measurements were made down to 1.5K (see FIGS. 4, 5 and 7). In the case of the Er6Ni2(Sn0_-,5Ga(,_25) alloy, the lowest measurement was ~3.5K. The ErsNi peak (~7K) is much smaller in magnitude and almost disappears. In addition, the peak temperature has decreased from ~8K in the as-cast alloys of the invention to ~7K, which is the ordering peak of pure Er3Ni. These data suggest that the dissolved Sn or Pb in the Er3Ni phase in the as-cast condition (see above) has precipitated out of solution during the heat treatment at 700° C., leaving an amount of essentially pure Er3Ni in the sample. The ternary or quaternary alloy heat capacity peak (18K) is greatly enhanced by the heat treatment, indicating that the alloy comprises essentially the pure ErGNiZSn, or Er?NizPb, or Er6Ni2(Sno_75Ga025) single phase. This is also evident in the 50:50 ErgNizSnlErgNi alloy sample, see FIG.  7 , suggesting the ErgNizSn composition exists over a solid solution region extending toward Er3Ni. As is seen in FIG.  9 , the heat capacities of all four heat treated samples of the invention basically fall on top of one another. However, above 19K, there is some separation of the curves, which is probably due to the di?'erent lattice heat capacities. The lattice heat capacity for ErgNizSn is intermediate and that for Er6Ni(SnO_75Gao_25) is the lowest. This is evident in the as-cast alloys of the invention (FIG. 8) . Just as for the as-cast alloys of the invention, the heat treated alloys of the inven tion have signi?cantly higher heat capacities than that of the EraNi compound from -9 to 18K, and that of Pb from 1 to 18K. Above 19K, the heat capacities of the materials of the invention fall below those of ErgNi and Pb; the heat treated alloys falling more so than the as-cast alloys, which contain some Er3Ni phase (~25%), compare FIGS. 4 to 7.
FIG. 10 is a composite graph of heat capacity versus temperature comparing heat regenerator materials of the invention relative to ErBNi and Pb and showing the greater heat capacity of the former at certain temperatures as dis cussed above.
A di?erential thermal analysis (DTA) study was con ducted on heating the ErGNiZPb samples and revealed that ErGNiZPb melts incongruently at 934° C. The DTA curve of the as-cast alloys of the invention shows a weak endother mic reaction at 806° C., which is believed to be the melting point of Er3Ni containing some dissolved Pb in the Er lattice sites. This 806° C. value compares to the 845° C. peritectic melting point reported for Er3Ni. For the heat treated alloys of the invention, the melting temperature for ErgNizPb is the same as for the as-cast alloy but the endothermic reaction is much greater in the annealed sample. There is no visible peak at 806° C., but two very small endothermic peaks at 893° and 900° C. The DTA results are consistent with the heat capacity and x-ray diffraction measurements on the as-cast and heat treated ErGNiZPb alloy.
In order to determine the type of magnetic phase transi tion for Er6Ni2X compounds of the invention, the dc sus ceptibilities of the as-cast ErgNizPb (FIG. 11) and Er6Ni2(Sn0_75GaO_25) (FIG. 12) samples and the magnetic ?eld heat capacity of annealed Er6Ni2Sn (FIG. 13) were measured. Above ~50K, the magnetic susceptibility of the two compounds of FIGS. 11 and 12 obeys the Curie-Weiss law with an effective magnetic moment of 9.73(l) and 9.6l(l) pH and a paramagnetic Curie temperature of 5.1(8) and 4.8(3)K, respectively. The effective magnetic moments are close to the theoretical value of 9.58 pl, for free Er"3 ion.
The positive paramagnetic Curie temperatures suggest, that these materials order ferromagnetically. The susceptibility behavior of Er6Ni2Sn, however, shows a sharp decrease below ordering temperature (~l8K), which is typical for antiferromagnets. A magnetic ?eld of 2.46 (FIG. 13 The Er?NizPb alloy appears to be the most preferred heat regenerator material of the invention. The materials of the invention have moderately low melting point (e. g. 934° C. for ErgNigPb) and should be readily fabricated into spheres to be used in a regenerator bed by a gas atomization or a centrifugal atomization technique. The heat capacities of these spheres are expected to lie somewhere between the as-cast and heat treated results reported here, since the cooling rate during the atomization process is slower than that in arc-melted process which was used to prepare the as-cast materials of the invention. Furthermore, in handling these materials, the ternary materials of the invention seem to be less brittle than ErsNi which may be an advantage in handling the cryocooler materials. Furthermore, they also are stable in ambient room temperature conditions. While the invention has been described in terms of speci?c embodiments thereof, it is not intended to be limited thereto but rather only to the extent set forth hereafter in the following claims. and about 19K and greater than that of Pb below about 18K.
6. An Er-based alloy selected from the group consisting of ErgNizPb and Er?Ni2 (Sn1_ Gag) where x is greater than 0 and less than 1.
7. The alloy of claim 6 comprising ErgNi2 (Sn0_75Gao_25). 8. A cryocooler having a low temperature stage wherein the low temperature stage includes a passive magnetic regenerator selected from at least one material having atomic composition: about ErGNiZSn, about Er5Ni2Pb, and about Er6Ni2(Sn1_ 6a,) where x is greater than 0 and less than 1. 9. A cryocooler having a low temperature stage wherein the low temperature stage includes a passive magnetic regenerator comprising Er9Ni3Sn alloy where there is present a mixture of Er3Ni phase and Er6Ni2Sn phase in the microstructure of the alloy.
10. A cryocooler having a low temperature stage wherein the low temperature stage includes a passive magnetic regenerator made from an alloy comprising about 66.7 atomic % Er, about 22.2 atomic % Ni, and about 11.1 atomic % of one of Sn, Pb, and Sn1_xGax, where x is greater than 0 and less than 1, said alloy having been heat treated and having a volumetric heat capacity greater than that of Er3Ni between about 8K and about 19K and greater than that of Pb below about 18K.
11. A passive magnetic regenerator made from an as-cast or heat treated alloy comprising about 66.7 atomic % Er, about 22.2 atomic % Ni, and about 11.1 atomic % of one of Pb and Sn1_xGax, where x is greater than 0 and less than 1, said alloy having been heat treated and having a volumetric heat capacity greater than that of ErsNi between about 8K and about 19K and greater than that of Pb below about 18K.
